The present study deals with the functional interaction of antipsychotic drugs and NMDA receptors. We show that both the conventional antipsychotic drug haloperidol and the atypical antipsychotic drug clozapine mediate gene expression via intracellular regulation of NMDA receptors, albeit to different extents. Data obtained in primary striatal culture demonstrate that the intraneuronal signal transduction pathway activated by haloperidol, the cAMP pathway, leads to phosphorylation of the NR1 subtype of the NMDA receptor at 897 Ser. Haloperidol treatment is likewise shown to increase 897 Ser-NR1 phosphorylation in rats in vivo. Mutation of 896 Ser and 897 Ser to alanine, which prevents phosphorylation at both sites, inhibits cAMPmediated gene expression. We conclude that antipsychotic drugs have the ability to modulate NMDA receptor function by an intraneuronal signal transduction mechanism. This facilitation of NMDA activity is necessary for antipsychotic drugmediated gene expression and may contribute to the therapeutic benefits as well as side effects of antipsychotic drug treatment.
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Although most antipsychotic drugs interact directly with specific receptors such as dopamine receptors in the brain, the mechanism that conveys their therapeutic effect has remained elusive. Over the last few years the interaction of many antipsychotic drugs with NMDA receptor function has been demonstrated in various experimental paradigms. This interaction could be particularly relevant for our understanding of the mechanism of action of antipsychotic drugs. The conventional antipsychotic drug haloperidol and the atypical antipsychotic drug clozapine facilitate NMDA receptor function at clinically relevant concentrations (Banerjee et al., 1995) , whereas NMDA antagonists have been shown to prevent haloperidol-induced catalepsy in rats (Yoshida et al., 1991; Moore et al., 1993; Kaur et al., 1997) . Gene expression mediated by haloperidol is blocked by the NMDA antagonist MK 801, as well as by D 2 agonists (Dragunow et al., 1990; Robertson and Fibiger, 1992; Ziolkowska and Hollt, 1993; Robertson et al., 1994; Boegman and Vincent, 1996) .
The manner in which antipsychotic drugs interact with NMDA receptors is not entirely understood. Here we investigate this interaction by examining how haloperidol and clozapine interact functionally with NMDA receptors to mediate chronic and acute gene expression in vivo in the rat striatum and ex vivo in primary striatal culture. Gene expression may be important for some of the therapeutic actions of antipsychotic drugs (Hyman, 1993) .
We chose to analyze the regulation of two genes in the striatum: the immediate early gene c-fos, which is rapidly induced in neurons stimulated with antipsychotic drugs (Dragunow et al., 1990; Nguyen et al., 1992; Konradi and Heckers, 1995) , and the proenkephalin gene, which is selectively induced in D 2 receptorexpressing neurons (Le Moine et al., 1990 ) in response to haloperidol treatment (Hong et al., 1985; Auchus and Pickel, 1992; Konradi et al., 1993) .
The protein kinase A (PKA)-cAMP signal transduction pathway is critical to haloperidol's activation of gene expression; for example, haloperidol is unable to stimulate gene expression in PKA-deficient mice (Adams et al., 1997) . The signal transduction pathway activated by the atypical antipsychotic drug clozapine is less well understood, however. Clozapine is known to bind to dopamine D 4 receptors, serotonin receptors, and D 1 receptors (Van Tol et al., 1991; Farde et al., 1992; Meltzer, 1994) , and like haloperidol it induces c-fos gene expression in the striatum (Merchant et al., 1994) , albeit to a lesser extent than haloperidol.
The NMDA receptor is a heteromultimer of subunits from the NR1 and NR2 families (Hollmann and Heinemann, 1994) . The activity of this receptor can be modulated by kinases and phosphatases (Chen and Huang, 1992; Wang and Salter, 1994; Leonard and Hell, 1997; Westphal et al., 1999) . PKA specifically phosphorylates 897 Ser of the NR1 subunit (Tingley et al., 1997) . Although it has been demonstrated that PKA can regulate NMDA receptor function (Harada et al., 1991; Roche et al., 1994; Raman et al., 1996) , there is no evidence as of yet that phosphorylation of 897 Ser-NR1 by PKA is biologically relevant. We report here that NMDA receptor activity is essential for the regulation of gene expression by clozapine and haloperidol in the striatum. Moreover, we provide an intracellular mechanism by which antipsychotic drugs recruit NMDA receptors to the signal transduction pathway, which involves phosphorylation of the NR1 subtype of the NMDA receptor at 897 Ser.
MATERIALS AND METHODS
Animals. Male Sprague Dawley rats (200 -250 gm) were used for all experiments. They were housed four to a cage on a 12 hr light /dark cycle. Animals were killed by rapid decapitation for the preparation of RNA, or they were perf used under deep anesthesia with pentobarbital (70 mg / kg) for immunohistochemistry. All experiments were repeated at least once. Drugs and drug paradigms. Haloperidol, clozapine, dizocilpine maleate [(ϩ) M K 801], and D-cycloserine (DC S) were obtained from Research Biochemicals (Natick, M A); forskolin was obtained from Sigma (St. L ouis, MO). All rats received the same number of injections, administered intraperitoneally, with either drug or 0.9% saline in chronic and acute paradigms. Pretreatment (M K 801 or DC S) was for 20 min, after which the rats were treated with antipsychotic drugs. For chronic treatment paradigms of rats, see Table 1 . In the acute treatment paradigm, rats were killed 40 min after antipsychotic drug treatment for RNA analysis, and 2 hr after antipsychotic drug treatment for protein analysis (immunocytochemistry and immunoblots). For the concurrent analysis of RNA and protein, rats were killed 1 hr after antipsychotic drug treatment (see Fig. 2 ).
Immunohistochemistr y. T wo hours after the final intraperitoneal injection, animals were perf used under deep pentobarbital anesthesia with 20 ml of 0.9% saline, followed by 300 ml of 4% paraformaldehyde in PBS. Brains were cryoprotected in 30% sucrose for 24 hr, sliced into 45 m sections on a freezing microtome, and preincubated free floating for 0.5 hr in PBS containing 1% hydrogen peroxide and 0.3% Triton X-100. Normal goat serum (3%) with 0.3% Triton X-100 in PBS served as buffer in all subsequent steps. Primary Fos antiserum (Ab-2 and Ab-5; Oncogene Research Products, C ambridge, M A) was diluted 1:5000, with 24 hr incubation time at 4°C, followed by an overnight incubation with biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA), diluted 1:500. An incubation for 2 hr with Avidin DH and biotinylated peroxidase, diluted 1:100, was followed by a change of buffer to Tris-HC l, pH 7.6, and development of the antibody complex with 3,3Јdiami-nobenzidine (DAB; 50 mg /100 ml Tris, pH 7.6) and 0.03% hydrogen peroxide.
Morphometr y. Fos-positive nuclei of sections stained with Fos (Ab-2) were counted. Fos (Ab-5) had a higher sensitivity and reacted with more nuclei than Fos (Ab-2) in all conditions but had the same relative staining pattern as Fos (Ab-2). A comparative count of saline-and haloperidoltreated rats with both antibodies revealed a similar relative induction of Fos-positive nuclei by haloperidol. A cell area of 500 ϫ 500 m was counted in six sections, spanning evenly from ϩ2.0 to Ϫ1.0 bregma for the striatal counts, and from ϩ2.7 to ϩ0.5 bregma for the accumbal counts (Paxinos and Watson, 1986) . Lateral striatum counts were performed between 3 and 5 dorsoventral (DV) and 3 and 5 mediolateral (ML), and medial striatum counts were performed between 5.5 and 7 DV and 1.5 and 3 ML (Paxinos and Watson, 1986) .
Primar y striatal cultures. Striata were dissected under a stereomicroscope from 18-d-old Sprague Dawley rat fetuses. Tissue was resuspended in 2 ml of defined medium [50% F12/ DM EM and 50% DM EM (C ellgro, Herndon, VA) with the following supplements per liter of medium: 4 gm dextrose, 1ϫ B27 (Life Technologies, Gaithersburg, MD), 10 ml of penicillin -streptomycin liquid (Sigma, St. L ouis, MO), and 25 mM H EPES]. The tissue was mechanically dissociated with a fire-narrowed Pasteur pipette; the cells were then resuspended in defined medium to 10 6 cells/ml and plated in six-well plates (Becton Dickinson, Franklin Lakes, NJ) at 2.4 ϫ 10 6 cells per well. Plates were pretreated with 2 ml of 1:500 diluted sterile solution of polyethylenimine (Sigma) in water for 24 hr, washed twice with sterile water, coated with 2.5% serumcontaining PBS solution for at least 4 hr, and aspirated just before plating. All experiments were performed with cells 6 -8 d in culture and repeated at least once in an independent dissection.
Transfection. Transfection of primary striatal neurons was performed on 4 d in vitro following the protocol of X ia et al. (1996) with modifications described by Rajadhyaksha et al. (1999) . The proenk ephalin construct used, pEN K AT12, contained the human proenk ephalin minimal enhancer (EN KCRE-1 and EN KCRE-2) f used to chloramphenicol acetyltransferase (CAT), and included 1.2 kb of the 3Ј flanking sequence (Comb et al., 1986 (Comb et al., , 1988 . Steven E. Hyman (National Institute of Mental Health) provided the pEN K AT12 construct. The 3xCR E-luciferase construct had a DNA sequence containing three C a 2ϩ -and cAM Presponsive element (CRE) binding protein (CREB)-binding sites (sequence: TGACGTCA), f used to a minimal Rous sarcoma virus promoter (enhancer-less) in the pA3Pluc vector (Maxwell et al., 1989 ) that contains a luciferase reporter gene. The 3xCR E-luciferase construct was provided by Susan E. Lewis (Massachusetts General Hospital) . The N R1 wildtype and 896/897 serine to alanine N R1 constructs were cloned into the pRK5 mammalian expression vector (Tingley et al., 1993) and were provided by Richard Huganir (Johns Hopkins University School of Medicine) (Ehlers et al., 1995) . In the cotransfection experiments, a fourfold molar excess of the N R1 constructs or the control vector over the 3xCR E-luciferase construct was used. In all experiments, the total amount of DNA added was 6 g per well of six-well plates.
Forty-eight hours after transfection, cells were treated with the respective drugs for 6 hr. CAT assays were performed according to the Promega Protocols and Applications Guide. The luciferase assay was performed using the Promega luciferase assay kit (Promega, Madison, W I) and has been described by Rajadhyaksha et al. (1999) .
Northern blot anal ysis of brain samples. Total striatal RNA (7-10 g), prepared as described (Berger and Chirgwin, 1989) , was size-separated on a 1.2% denaturing agarose gel (1 M paraformaldehyde) in 3-(Nmorpholino)propanesulfonic acid (MOPS) buffer (20 mM MOPS, pH 7.0, 5 mM sodium acetate, and 1 mM EDTA), electroblotted onto a nylon membrane (GeneScreen; DuPont, Billerica, M A), and hybridized with a 32 P-labeled RNA probe (Gemini system, Promega). C yclophilin mRNA was used as an unregulated internal reference probe to control for loading differences (Danielson et al., 1988) . Membranes were exposed to a PhosphorImager screen (Molecular Dynamics, Sunny vale, CA) and analyzed with the I P lab imaging software. The c-fos plasmid (rat) was a gift from T. Curran (St. Jude Children's Research Hospital), and the proenk ephalin plasmid (rat) was a gift from D. Borsook (Massachusetts General Hospital).
Northern blot anal ysis of primar y striatal neurons. C ells were treated for 6 hr to study proenk ephalin gene regulation and for 40 min to study c-fos gene regulation. Medium was aspirated and striatal neurons were lysed in 500 l of lysis buffer (50 mM Tris, pH 8.0, 100 mM NaC l, 5 mM MgC l 2 , and 0.5% N P40). After a 5 min incubation on ice, lysates were transferred into microcentrif uge tubes and centrif uged for 2 min at 14,000 rpm at 4°C; the supernatant was transferred and SDS was added to a final concentration of 0.2%. C ells were extracted with phenol, followed by a chloroform extraction and ethanol precipitation. RNA was sizeseparated and hybridized exactly like RNA from brain samples (see above).
Immunoblots. The M-peptide antiserum was used for Fos immunoblots and was provided by Michael J. Iadarola (National Institutes of Health); the antiserum against phosphorylated 897 Ser of the N R1 subtype of the NMDA receptor ( 897 Ser-N R1) was provided by Richard L. Huganir (Johns Hopkins University School of Medicine) and is commercially available from UBI (Lake Placid, N Y); the N R1 antiserum, 133 Ser-CREB antiserum, and CREB antiserum were purchased from UBI. The M-peptide antiserum was diluted 1:5000, and the secondary antibody was diluted 1:20,000. Blots were also developed with a Fos antiserum from UBI (diluted 1:500; secondary antibody diluted 1:10,000; data not shown). For both antisera, a band of identical size was observed between the 53 and 78 kDa size markers. Dilutions for anti-897 Ser-N R1, anti-N R1, anti-133 Ser-CREB, and anti-CREB were 1:1000. The secondary antibody for these antisera was diluted 1:10,000. The method used for immunoblots has been described previously (Rajadhyaksha et al., 1998) .
Data anal ysis. Northern blots were analyzed with a PhosphorImager (Molecular Dynamics) that has a range of five orders of magnitude. Data were normalized to the saline-treated controls of each experiment, and because they are based on relative numbers, they are semi-quantitative. Data were analyzed with one-way ANOVAs. The T ukey -Kramer honestly significant difference (HSD) was used to analyze differences between the groups, whereas the Dunnett's test was used for comparisons of treatment groups with controls. The JM P computer program (SAS Institute, C ary, NC) was used for data analysis.
RESULTS

Haloperidol-mediated c-fos gene and Fos protein induction is blocked by the NMDA antagonist MK 801 and enhanced by D-cycloserine, a partial agonist at the glycine site of the NMDA receptor
Haloperidol treatment led to c-fos mRNA induction in the rat striatum 30 min after injection in a dose-dependent manner (haloperidol 0.3 mg/kg: average fold induction Ϯ SEM 3.3 Ϯ 0.34, n ϭ 22, analyzed in six separate blots; haloperidol 1 mg/kg: average fold induction Ϯ SEM 6.5 Ϯ 1.3, n ϭ 9, analyzed in three separate blots) (Fig. 1 A) . A higher concentration of haloperidol (2 mg/kg) yielded c-fos levels comparable to 1 mg/kg (data not shown). The c-fos induction was significantly attenuated by pretreatment for 20 min with the NMDA antagonist MK 801 ( Fig.  1 B, C; see Fig. 4 A, B). All changes in mRNA levels were reflected subsequently in Fos protein expression. Fos protein expression was examined with the Fos/Fra specific M-peptide antiserum in an immunoblot (Fig. 2) . Samples for the immunoblot were collected 1 hr after injection of haloperidol ( Fig. 2 A) , with the contralateral striatum used for c-fos mRNA analysis (Fig. 2 B) (note that for this comparison c-fos mRNA was analyzed 1 hr after treatment with haloperidol). D-cycloserine, a partial agonist at the glycine site of the NMDA receptor (Johnson and Ascher, 1987; Henderson et al., 1990) , significantly enhanced c-fos expression after treatment with 0.3 mg/kg haloperidol (Figs. 3A, 4C) but not after treatment with 1 mg/kg haloperidol (Figs. 3B, 4D ).
MK 801 inhibits clozapine-mediated c-fos expression in the striatum
Clozapine (20 mg/kg) induced c-fos expression in the striatum, although to a lesser extent than that observed with haloperidol (average fold induction Ϯ SEM 2.12 Ϯ 0.3) (Fig. 5 ), and at a higher dose than used in standard clinical practice. At standard prescription levels (5 mg/kg), clozapine failed to induce c-fos expression in the striatum (data not shown). The NMDA antagonist MK 801 blocked the c-fos expression induced by a high dose (20 mg/kg) of clozapine ( Fig. 5 A, B) . DCS (0.5, 1, and 5 mg) had no significant effect on c-fos expression mediated by 20 mg/kg (Fig. 5C,D) , or 5 mg/kg (data not shown) clozapine.
Fos expression in the striatum after antipsychotic drug treatment is specific for drug type and drug concentration
Analysis of the anatomical pattern of Fos-positive neurons revealed that all three treatments (0.3 mg/kg haloperidol, 1 mg/kg haloperidol, and 20 mg/kg clozapine) caused different patterns of Fos staining in the striatum (Figs. 6, 7A-C) (Robertson et al., 1994) . Clozapine at a concentration of 20 mg/kg was particularly effective in inducing Fos protein in the medial striatum, whereas no Fos-positive nuclei were seen after treatment with 5 mg/kg clozapine (data not shown). Treatment with a high concentration of haloperidol (1 mg/kg) caused a pronounced increase in Fospositive nuclei in the lateral striatum (Figs. 7A-C, 8 ).
MK 801 is particularly effective in preventing antipsychotic drug-induced Fos protein expression in the medial striatum and the nucleus accumbens, whereas DCS does not alter the number of Fospositive neurons MK 801 attenuated haloperidol-mediated (0.3 and 1 mg/kg) Fos expression in neurons of the medial striatum and nucleus accum- A, In multiple experiments, a trend toward increased c-fos expression after cotreatment with haloperidol (0.3 mg/kg) and DCS (0.5 and 1 mg/kg) was observed. This trend was significant for 1 mg/kg DCS (see Fig. 4C) . B, The trend toward increased c-fos expression after cotreatment with haloperidol (1 mg/kg) and DCS was variable and not significant in multiple experiments (see Fig. 4 D) .
bens, but did so in neurons of the lateral striatum only after administration of 1 mg/kg haloperidol (Figs. 6, 8) . The lack of effect of MK 801 on clozapine-mediated or 0.3 mg/kg haloperidol-mediated Fos induction in the lateral striatum suggests that a small population of neurons with a high sensitivity to antipsychotic drugs regulates Fos expression independently of NMDA receptors. Even a higher concentration of MK 801 (2 mg/kg) did not block Fos induction in these neurons (data not shown). MK 801 does not appear to interfere with Fos expression in a general manner, because MK 801 caused a pronounced increase in the number of Fos-positive nuclei in the cortex (data not shown). DCS did not affect the number of Fos-positive nuclei stimulated by clozapine (20 mg/kg) or haloperidol (0.3 mg/kg) in striatal areas (Fig. 8) .
MK 801 affects chronic regulation of c-fos and proenkephalin by haloperidol
Repeated haloperidol injection (single daily injections for 12 d) leads to an attenuated induction of c-fos on day 12 (Konradi et al., 1993; Hiroi and Graybiel, 1996) (Fig. 9C) . Pretreatment with MK 801 before each of the 12 daily haloperidol injections prevented the desensitization of c-fos induction (Fig. 9 A, C) , because a single haloperidol injection after chronic coadministration of MK 801 and haloperidol (Fig. 9 A, C) yielded c-fos levels similar to acute (one time) haloperidol treatment ( Fig. 9C ) (see Table 1 for treatment paradigms).
The opioid peptide enkephalin is upregulated by chronic administration of haloperidol (Hong et al., 1985; Auchus and Pickel, 1992; Konradi et al., 1993) . We therefore examined the role of MK 801 in the chronic regulation of the proenkephalin gene by haloperidol. Pretreatment with MK 801 before each haloperidol injection prevented the chronic upregulation of the proenkephalin gene (Fig. 9B) .
Intracellular interaction between the cAMP pathway and the NMDA receptor pathway
Regulation of the proenkephalin and c-fos genes was further studied in primary striatal cultures. Because primary striatal cultures are not affected by brain circuitry, they can be used to study the intrastriatal, intraneuronal effect of MK 801 on cAMPmediated gene expression. Unfortunately, D 2 antagonists are not effective in striatal culture (data not shown), presumably owing to the absence of dopamine. Forskolin is an adenylate cyclase stimulating agent capable of activating the cAMP pathway and therefore can be used to mimic the intraneuronal consequences of haloperidol binding to D 2 receptors. The proenkephalin gene was chosen to assess the action of forskolin on gene regulation specifically in D 2 receptor-expressing neurons. c-fos expression was examined as a means to compare data obtained in tissue culture with the in vivo data. Forskolin treatment led to an increase of both the proenkephalin and the c-fos mRNAs; this induction was blocked by the NMDA antagonist MK 801 (Fig. 10 A) . A combined treatment of glutamate and low concentrations of forskolin enhanced gene expression above either treatment alone (Fig.  10 B) . Because c-fos mRNA has a lower baseline, a faster time course, a lower half-life, and a higher level of induction than proenkephalin mRNA, a short spike of drug exposure has a demonstrable effect on c-fos levels, but presumed changes in proenkephalin levels remain below detection limits. Thus higher concentrations of forskolin or glutamate were used in the analysis The average fold induction Ϯ SEM of four striata is shown. All data are compared with c-fos levels in saline-treated rats, which were arbitrarily set to onefold induction. Asterisks indicate statistically significant differences with haloperidol-treated rats. of proenkephalin gene expression than that of c-fos gene expression. Moreover, glutamate is taken up rapidly in the cultures (as measured with HPLC), and higher amounts had to be added to ensure a prolonged exposure in the proenkephalin experiments. When the effect of cotreatment of forskolin and glutamate was examined (Fig. 10 B) , lower forskolin concentrations were used than in the NMDA antagonist experiments (Fig. 10 A) to avoid reaching the upper limit of gene expression with forskolin alone.
Phosphorylation of the transcription factor CREB on 133 Ser has been shown to be important for the haloperidol-mediated induction of the proenkephalin gene (Konradi et al., 1993 and the c-fos gene (Konradi and Heckers, 1995) . Phosphorylation at 133 Ser was also induced by forskolin and blocked by MK 801 (data not shown; see also Rajadhyaksha et al., 1998) .
Results with transfected reporter gene constructs were consistent with the results obtained from the endogenously expressed genes. The pENKAT12 construct, when transfected into primary striatal culture, gave enhanced CAT activity after forskolin treatment. This forskolin-mediated induction of CAT activity was blocked by MK 801 (Fig. 11 A) . An enhancer-less proenkephalin construct containing 80 bp 5Ј of the transcription initiation site fused to a CAT reporter gene (Comb et al., 1988 ) was used as a negative control and was not regulated (data not shown). Because the proenkephalin gene is regulated by CREB after haloperidol treatment in the striatum (Konradi et al., 1993 , we repeated the experiment with a 3xCRE-luciferase reporter construct (Fig. 11 B) . Like the pENKAT12 construct, activation of the 3xCRE-luciferase construct by forskolin was blocked by MK 801 (Fig. 11 B) . These data suggest an important role for NMDA receptor activity in D 2 receptor-mediated signal transduction.
How does the cAMP signal transduction pathway regulate NMDA receptor function? One potential mode of action is through phosphorylation of the NMDA receptor. NR1 is phosphorylated by PKA at 897 Ser (Tingley et al., 1997) . In primary striatal culture, forskolin caused phosphorylation of 897 Ser-NR1 in a PKA-dependent manner (Fig. 12) , whereas no change in phosphorylation of 896 Ser-NR1 was observed (data not shown). The PKA inhibitor H-89 blocked forskolin-mediated 897 Ser-NR1 phosphorylation and 133 Ser-CREB phosphorylation, whereas levels of NR1 and CREB proteins were unchanged (Fig. 12 A) . The Ca 2ϩ /calmodulin kinase antagonist KN-62 did not affect forskolin-stimulated 897 Ser-NR1 phosphorylation (Fig. 12 B) . NR1 phosphorylation at 897 Ser may serve as an important intra- neuronal link between the dopaminergic (D 2 ) and the glutamatergic second messenger pathways. In support of this theory, in vivo injection of haloperidol led to a doubling of 897 Ser-NR1 phosphorylation in the striatum (Fig. 13 ) (fold induction Ϯ SEM: 2.1 Ϯ 0.2; n ϭ 7).
897
Ser phosphorylation of the NR1 receptor is important for forskolin-mediated gene expression
In primary striatal cultures, we cotransfected NR1 with a 3xCRE-luciferase construct and measured luciferase activity after stimulation with forskolin. NR1 was either in its wild-type form or mutated at 896 Ser and 897 Ser to alanine (Ehlers et al., 1995) . Forskolin alone doubled the activation of the 3xCRE-luciferase construct, an effect that was enhanced by excess NR1 (Fig. 14) . Mutation of NR1 at 896/897 Ser abolished the effect of forskolin (Fig. 14) .
DISCUSSION
Haloperidol and clozapine induce gene expression via NMDA receptors
Inhibition of NMDA receptors with MK 801 significantly reduced the number of c-fos mRNA-and Fos protein-expressing neurons that were activated by antipsychotic drug treatment. Both the conventional antipsychotic drug haloperidol (Ziolkowska and Hollt, 1993) and the atypical antipsychotic drug clozapine depended on NMDA receptors for Fos expression. Only a small number of neurons demonstrated Fos expression in the presence of antipsychotic drugs that was not blocked by MK 801 and thus independent of NMDA receptors.
MK 801 affected both acute and chronic regulation of gene expression. The haloperidol-mediated increase of proenkephalin mRNA after chronic administration was blocked in the presence of MK 801, as was the chronic downregulation of c-fos gene expression. Thus, when NMDA receptors were blocked in chronic haloperidol-treated rats, neither the attenuation of c-fos induction nor the increase in proenkephalin mRNA levels normally seen after chronic treatment was observed.
To examine whether external activation of the NMDA receptor potentiates antipsychotic drug-induced c-fos expression, we used DCS. DCS had no effect when administered alone but increased the levels of c-fos mRNA after 0.3 mg/kg haloperidol treatment. However, DCS did not increase the number of Fos-positive neurons when given with 0.3 mg/kg haloperidol. This observation indicates that DCS, when combined with haloperidol, does not stimulate Fos expression in new neurons, but rather augments Fos expression in neurons already responding to the treatment with haloperidol. Alternatively, DCS plus haloperidol (0.3 mg/kg) may lead to an increase in c-fos mRNA expression that does not lead to an increase in Fos protein expression. Surprisingly, only haloperidol (0.3 mg/kg)-mediated, but not clozapine-mediated, c-fos expression was augmented by DCS. These results parallel studies of the effect of DCS in schizophre- Table 1. nia, which show that DCS improves negative symptoms and cognitive deficits when added to conventional antipsychotic agents such as haloperidol (Goff et al., 1995b (Goff et al., , 1999 but not when added to clozapine (Goff et al., 1996) . The concentrations of DCS used in the present study are comparable to the concentrations used in clinical trials (Goff et al., 1995b) , and a dose-response similar to that seen clinically was observed when DCS was added to haloperidol. In both clinical observations in humans (Goff et al., 1995b) and c-fos gene expression in rats, the higher concentration of DCS (5 mg/kg) has no effect, whereas the lower concentration of DCS (1 mg/kg) significantly enhances the response to 0.3 mg/kg haloperidol. This paradoxical dose-response is attributable to the pharmacological properties of DCS. DCS is a partial agonist at the glycine site of the NMDA receptor and, at higher concentrations, displaces the full agonist glycine (Henderson et al., 1990 ). Thus at low levels the partial agonist DCS can act in synchrony with the full agonist glycine to increase the observed response, whereas at higher levels DCS displaces gly- 133 Ser-CREB was induced by forskolin and blocked by H-89 (third panel ). CREB protein levels were unchanged (bottom panel ). Blot was cut at 80 kDa, and the upper part was exposed to 897 Ser-NR1 antiserum, stripped, and reprobed with NR1 antiserum, whereas the lower part was exposed to 133 Ser-CREB antiserum, stripped, and reprobed with CREB antiserum. B, The CaM kinase antagonist KN-62 (30 M) does not block forskolin-induced phosphorylation of 897 Ser-NR1. Figure 13 . In vivo treatment with haloperidol causes 897 Ser-NR1 phosphorylation. Rats were treated with 1 mg/kg haloperidol for 15 min and killed, and their striata were quickly frozen. The top panel is an immunoblot with the 897 Ser-NR1 antiserum; the bottom panel is the same immunoblot stripped and exposed to an NR1 antiserum. n ϭ 3 in each group.
cine to effectively blunt the response to stimulation. The lack of significant effect of DCS on c-fos gene expression mediated by 1 mg/kg haloperidol, as well as the high variance in c-fos levels observed, may have been caused by the fact that maximal cellular c-fos levels were reached with 1 mg/kg haloperidol alone. This notion was supported by the finding that a higher concentration of haloperidol (2 mg/kg; data not shown) led to an induction of c-fos levels similar to that observed after treatment with 1 mg/kg haloperidol.
Although clozapine-mediated c-fos expression depends on NMDA receptors, it is important to note that clozapine induces c-fos only at concentrations that are above therapeutic levels; i.e., a coincidence between therapeutic drug levels and c-fos expression occurs only with haloperidol but not with clozapine. In addition, c-fos gene expression after clozapine treatment is smaller than after haloperidol treatment and has a different anatomical distribution. Thus, although the present experiments demonstrate similar requirements for c-fos expression induced by haloperidol or clozapine in the striatum, it does not establish an identical mechanism of action at therapeutic concentrations. Given that both drugs interact with different receptors (see introductory remarks), a distinct mechanism of action for c-fos expression is more likely than are similar requirements.
NMDA receptors are necessary to modulate proenkephalin expression by the cAMP second messenger pathway
We used primary striatal cultures to determine whether the interaction of antipsychotic drugs and NMDA receptors depends on f unctional brain circuitry or whether it is caused by an intraneuronal cooperation of signal transduction pathways. In striatal cultures, which lack the in vivo circuitry, we demonstrated an intraneuronal interaction between cAM P pathways and NMDA receptor-mediated signal transduction pathways. It is important to note that we used low concentrations of forskolin to mimic an induction of cAM P levels similar to G-proteins (Rajadhyaksha et al., 1998) . Unlike low concentrations of forskolin, high concentrations of forskolin can activate CREB phosphorylation independent of NMDA receptors (Rajadhyaksha et al., 1998) . Moderate activation of the cAM P second messenger pathway led to proenk ephalin and c-fos gene induction only when NMDA receptors were f unctional. Thus in the presence of M K 801, low amounts of the cAM P activator forskolin could not induce either gene. Moreover, glutamate f urther enhanced cAM P-mediated induction of both genes. In neurons transfected with a reporter gene under the control of the proenk ephalin or the CRE promoter, M K 801 also blocked induction of the reporter gene by forskolin.
Antipsychotic drugs modulate NMDA receptor function via phosphorylation of the NR1 subtype
Our results suggest that antipsychotic drugs facilitate NMDA receptor activity by an intracellular mechanism. In striatal culture, activation of the cAMP pathway led to the phosphorylation of 897 Ser-NR1 in a PKA-dependent manner. In concordance with this finding, systemic administration of haloperidol caused 897 Ser-NR1 phosphorylation in vivo. A mutation of 896/897 Ser-NR1 that prevents phosphorylation by PKA and PKC (Ehlers et al., 1995) totally abolished the induction of gene expression by forskolin. Together, these data demonstrate that D 2 antagonists activate the NMDA receptor via PKA-mediated phosphorylation of 897 Ser-NR1 (Fig. 15) . A recent study suggests that PKA may even be physically associated with the NR1 receptor subtype (Westphal et al., 1999) . 897 Ser-N R1 phosphorylation, such that the NMDA receptor activates a signal transduction pathway that translocates to the nucleus and causes phosphorylation of the transcription factor CREB. Phosphorylation of CREB leads to an increase in mRNA synthesis of the c-fos and proenk ephalin genes. Although CREB may be necessary for the transactivation of c-fos and the proenk ephalin gene in the striatum, additional transcription factors may be involved and activated by the same signal transduction pathway. Inset, D 2 receptor activity depresses PK A activity. Inhibition of D 2 receptors with drugs such as haloperidol disinhibits PK A activity and leads to 897 Ser-N R1 phosphorylation. Activation of PK A with low levels of forskolin has a similar effect, whereas high levels of forskolin can mediate CREB phosphorylation in addition to NMDA receptor phosphorylation. Thus, high levels of forskolin can mediate gene expression independent of NMDA receptors (Rajadhyaksha et al., 1998) .
Intraneuronal interaction between D 2 and NMDA receptors: unifying the glutamate and dopamine hypotheses of schizophrenia Putative schizophrenia-like behaviors in mice with reduced levels of NMDA receptors are reversed by treatment with haloperidol and clozapine (Mohn et al., 1999 ). In our model (Fig. 15) , the second messenger pathway activated by haloperidol phosphorylates 897 Ser-NR1 and increases NMDA receptor activity by enhancing the receptor's sensitivity to glutamate. This mechanism, which takes place inside the neuron, does not require increased glutamatergic neurotransmission. The therapeutic benefit of D 2 antagonists may be indicative of a need to bolster the glutamatergic system. However, because clozapine induces c-fos expression mostly above therapeutic levels, it is likely that atypical antipsychotics do not achieve their therapeutic effect by the same intraneuronal mode of action.
Is tardive dyskinesia caused by glutamate neurotoxicity in the striatum?
Our data suggest that haloperidol alters NMDA receptor activity by an intraneuronal mechanism (Fig. 15) . In the presence of haloperidol, the D 2 receptor-expressing neurons of the striatum become more sensitive to glutamate although glutamate levels in the synaptic cleft are not altered. Haloperidol, through its facilitation of glutamatergic function, may render neurons susceptible to glutamate toxicity. In patients with normal glutamate levels, haloperidol has the potential to cause glutamate toxicity of neurons expressing D 2 receptors, whereas in patients with decreased glutamate levels, haloperidol compensates for low glutamate neurotransmission (Goff et al., 1995a) . In concordance with this notion, CSF aspartate concentrations are significantly elevated in schizophrenics with tardive dyskinesia and below control levels in schizophrenics who do not have tardive dyskinesia (Goff et al., 1995a) . The reduced risk of tardive dyskinesia in patients treated with clozapine may be related to our finding that clozapine, at therapeutic levels, has no prominent intracellular modulatory effect on NMDA receptors.
